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(57) ABSTRACT 

A method for fabricating a thin film photovoltaic device. The 
method includes providing a substrate comprising an 
absorber layer and an overlying window layer. The substrate 
is loaded into a chamber and subjected to a vacuum environ 
ment. The vacuum environment is at a pressure ranging from 
0.1 Torr to about 0.02 Torr. In a specific embodiment, a 
mixture of reactant species derived from diethylzinc species, 
water species and a carrier gas is introduced into the chamber. 
The method further introduces a diborane species using a 
selected flow rate into the mixture of reactant species. A zinc 
oxide film is formed overlying the window layer to define a 
transparent conductive oxide using the selected flow rate to 
provide a resistivity of about 2.5 milliohm-cm and less and an 
average grain size of about 3000 to 5000 Angstroms. 

21 Claims, 3 Drawing Sheets 
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ZINC OXDE FILMI METHOD AND 
STRUCTURE FOR CGS CELL 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

This application claims priority to U.S. Provisional Appli 
cation No. 61/106,158 filed Oct. 17, 2008, commonly 
assigned, and incorporated by reference in its entirety herein 
for all purpose. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH AND DEVELOPMENT 

Not Applicable 

REFERENCE TO A “SEQUENCE LISTING. A 
TABLE, ORACOMPUTER PROGRAM LISTING 
APPENDIX SUBMITTED ON A COMPACT DISK 

Not Applicable 

BACKGROUND OF THE INVENTION 

The present invention relates generally to photovoltaic 
materials and manufacturing method. More particularly, the 
present invention provides a method and structure for a thin 
film photovoltaic cell. Merely by way of example, the present 
method and structure provide for a thin film photovoltaic cell 
using an absorber material comprising a copper indium dis 
ulfide species. 

From the beginning of time, mankind has been challenged 
to find way of harnessing energy. Energy comes in the forms 
Such as petrochemical, hydroelectric, nuclear, wind, biomass, 
Solar, and more primitive forms such as wood and coal. Over 
the past century, modern civilization has relied upon petro 
chemical energy as an important energy source. Petrochemi 
cal energy includes gas and oil. Gas includes lighter forms 
Such as butane and propane, commonly used to heat homes 
and serve as fuel for cooking Gas also includes gasoline, 
diesel, and jet fuel, commonly used for transportation pur 
poses. Heavier forms of petrochemicals can also be used to 
heat homes in some places. Unfortunately, the Supply of 
petrochemical fuel is limited and essentially fixed based upon 
the amount available on the planet Earth. Additionally, as 
more people use petroleum products in growing amounts, it is 
rapidly becoming a scarce resource, which will eventually 
become depleted over time. 
More recently, environmentally clean and renewable 

Sources of energy have been desired. An example of a clean 
source of energy is hydroelectric power. Hydroelectric power 
is derived from electric generators driven by the flow of water 
produced by dams such as the Hoover Dam in Nevada. The 
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electric power generated is used to power a large portion of 55 
the city of Los Angeles in California. Clean and renewable 
Sources of energy also include wind, waves, biomass, and the 
like. That is, windmills convert wind energy into more useful 
forms of energy such as electricity. Still other types of clean 
energy include Solar energy. Specific details of Solar energy 
can be found throughout the present background and more 
particularly below. 

Solar energy technology generally converts electromag 
netic radiation from the Sun to other useful forms of energy. 
These other forms of energy include thermal energy and 
electrical power. For electrical power applications, Solar cells 
are often used. Although solar energy is environmentally 

60 

65 

2 
clean and has been Successful to a point, many limitations 
remain to be resolved before it becomes widely used through 
out the world. As an example, one type of Solar cell uses 
crystalline materials, which are derived from semiconductor 
material ingots. These crystalline materials can be used to 
fabricate optoelectronic devices that include photovoltaic and 
photodiode devices that convert electromagnetic radiation 
into electrical power. However, crystalline materials are often 
costly and difficult to make on a large scale. Additionally, 
devices made from such crystalline materials often have low 
energy conversion efficiencies. Other types of Solar cells use 
“thin film' technology to form a thin film of photosensitive 
material to be used to convert electromagnetic radiation into 
electrical power. Similar limitations exist with the use of thin 
film technology in making Solar cells. That is, efficiencies are 
often poor. Additionally, film reliability is often poor and 
cannot be used for extensive periods of time in conventional 
environmental applications. Often, thin films are difficult to 
mechanically integrate with each other. These and other limi 
tations of these conventional technologies can be found 
throughout the present specification and more particularly 
below. 
From the above, it is seen that improved techniques for 

manufacturing photovoltaic materials and resulting devices 
are desired. 

BRIEF SUMMARY OF THE INVENTION 

According to embodiments of the present invention, a 
method and a structure for forming a photovoltaic cell is 
provided. More particularly, the present invention provides a 
method and structure for forming thin film tandem photovol 
taic cell. Merely by way of example, embodiments according 
to the present invention have been implemented using thin 
film semiconductor material. But it would be recognized that 
embodiments according to the present invention can have a 
much broader range of applicability. 

In a specific embodiment, a method for fabricating a thin 
film photovoltaic device is provided. The method includes 
providing a substrate. The substrate includes an absorber 
layer and an overlying window layer formed thereon. The 
method includes loading the Substrate into a chamber and 
Subjecting the Substrate to a vacuum environment. The 
vacuum environment has a pressure ranging from 0.1 Torr to 
about 0.02 Torr in a specific embodiment. A mixture of reac 
tant species derived from diethylzinc species and water spe 
cies and a carrier gas is introduced into the chamber. The 
method includes introducing a diborane species using a 
selected flow rate into the mixture of reactant species. A zinc 
oxide film is formed overlying the window layer to define a 
transparent conductive oxide using the selected flow to pro 
vide a resistivity of about 2.5 milliohm-cm and less and an 
average grain size of about 3000 to 5000 Angstroms. 

In an alternative embodiment, a method for forming a thin 
film photovoltaic device is provided. The method includes 
providing a Substrate including a surface region. The method 
forms a first electrode layer overlying the Surface region and 
forms an absorber material comprising a copper species, an 
indium species, and a selenide species overlying the first 
electrode layer. A window layer comprising a cadmium 
selenide species is formed overlying the absorber material. In 
a specific embodiment, the method forms a Zinc oxide layer 
characterized by grain size ranging from about a first value to 
about a second value overlying the window layer using one or 
more precursor gases. The one or more precursor gases 
include a Zinc species and an oxygen species and a carrier gas 
in a specific embodiment. The carrier gas includes at least a 
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nitrogen species in a specific embodiment. The method per 
forms at least all or a portion of forming the Zinc oxide layer 
at a temperature of greater than about 200 Degrees Celsius 
while maintaining a selected flow rate of a gas mixture com 
prising the Zinc species and the oxygen species. 
Many benefits can be achieved by ways of the embodi 

ments according to the present invention. For example, the 
thin film tandem photovoltaic cell can be fabricated using 
techniques without Substantial modification to conventional 
equipment. Additionally the present thin film photovoltaic 
cell has an improved conversion efficiency compared to a 
conventional photovoltaic cell and provides a cost effective 
way to convert Sunlight into electric energy. Depending on the 
embodiment, one or more of these benefits may be achieved. 
These and other benefits will be described in more detailed 
throughout the present specification and particularly below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simplified process flow diagram illustrating a 
method of fabricating a thin film photovoltaic device accord 
ing to an embodiment of the present invention. 

FIGS. 2-6 are simplified diagrams illustrating a method of 
fabricating a thin film photovoltaic device according to an 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

According to embodiments of the present invention, a 
method and a structure for forming a photovoltaic cell are 
provided. More particularly, embodiments according to the 
present invention provide a method and structure for forming 
a thin film photovoltaic cell. Merely by way of example, 
embodiments according to the present invention have been 
implemented using thin film semiconductor material. But it 
would be recognized that embodiments according to the 
present invention can have a much broader range of applica 
bility. 

FIG. 1 is a simplified process flow diagram illustrating a 
method of forming a photovoltaic cell according to an 
embodiment of the present invention. As shown, the method 
begins with a Start step (Step 102). A transparent substrate is 
provided. The transparent Substrate can use a glass Substrate 
Such as Soda lime glass in a specific embodiment. Other 
transparent Substrate materials may also be used. These other 
transparent Substrate material can include fused silica, quartz, 
and others. A first electrode layer is formed overlying the first 
surface region of the transparent substrate (Step 106). The 
first electrode layer can be provided using a molybdenum 
material in a specific embodiment. Other electrode materials 
Such as transparent conductive oxide material, other metal 
materials may also be used, depending on the application. The 
method includes forming an absorber layer overlying the first 
electrode layer (Step 108) and forming a window layer over 
lying the absorberlayer (Step 110). In a specific embodiment, 
the absorber layer comprises a CIGS material or a CIS mate 
rial and the window layer comprises a cadmium sulfide mate 
rial. In a specific embodiment, the method includes loading 
the substrate including the transparent substrate with the 
absorberlayer the window layer formed thereon, into a cham 
ber (Step 112). The method subjects the substrate to a vacuum 
environment (Step 114) and introduces a mixture of reactant 
species derived from a Zinc bearing species and water species 
and a carrier gas (Step 116). The Zinc bearing species can be 
provided by diethylzinc in a specific embodiment. The 
method introduces a diborane species using a selected flow 
rate into the mixture of reactant species in a specific embodi 
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4 
ment. In a specific embodiment, a transparent conductive 
oxide material comprising a Zinc oxide material is formed 
(Step 118) overlying the window layer. The method performs 
other steps (Step 120) to complete the photovoltaic cell. The 
method ends with an END step (Step 122). Of course there 
can be other variations, modifications, and alternatives. 
The above sequence of steps provides a method of forming 

a photovoltaic device according to an embodiment of the 
present invention. As shown, the method includes a step of 
forming a transparent conductive oxide layer comprising a 
Zinc oxide material in a specific embodiment The Zinc oxide 
material is preferably characterized by an optical transmis 
sion greater than about 99 percent and a resistivity of about 
2.5 milliohm-cm and less. Depending on the embodiment, 
one or more steps may be added, one or more steps may be 
eliminated, and one or more steps may be performed in a 
different sequence without departing from the scope of the 
claims herein. One skilled in the art would recognize other 
variations, modifications, and alternatives. 

FIGS. 2-6 are simplified diagrams illustrating a method of 
forming a thin film photovoltaic device according to an 
embodiment of the present invention. These diagrams are 
merely examples and should not unduly limit the claims 
herein. One skilled in the art would recognize other varia 
tions, modifications, and alternatives. As shown in FIG. 2, a 
transparent Substrate member 202 including a surface region 
204 is provided. The substrate member can be a glass material 
Such as Soda lime glass in certain embodiment. Soda lime 
glass is a cost effective option for the transparent Substrate 
member. Other Suitable transparent Substrates such as quartz, 
fused silica, Solar glass can also be used. Each of the trans 
parent substrate can include a barrier layer deposited on a 
Surface region. The barrier layer prevents sodium ions from 
the glass material to diffuse into photovoltaic material area in 
a specific embodiment. The barrier layer can be a dielectric 
material Such as silicon oxide deposited using technique Such 
as a sputtering process, a chemical vapor deposition process, 
including plasma enhanced processes, and others. Other bar 
rier materials may also be used. These barrier materials 
include aluminum oxide, titanium nitride, silicon nitride, tan 
talum oxide, Zirconium oxide depending on the embodiment. 

Referring to FIG. 3, the method includes forming a first 
electrode layer 302 overlying the surface region of the trans 
parent substrate member which can have a barrier layer 
formed thereon. The first electrode layer may be provided 
using a transparent conductor oxide (TCO) Such as indium tin 
oxide (commonly called ITO), fluorine doped tin oxide, and 
the like. In certain embodiments, the first electrode layer may 
be provided using a metal material. The metal material can be 
a molybdenum material in a specific embodiment. The 
molybdenum material can be formed using deposition tech 
niques such as Sputtering, plating, physical vapor deposition 
(including evaporation, Sublimation), chemical vapor depo 
sition (including plasma enhanced processes) following by a 
patterning process. Molybdenum material provides certain 
advantage over other electrode material for a CIG or CIGS 
based thin film photovoltaic cells. For example, molybdenum 
material provides a low contact resistance for CIGS film and 
stability over Subsequent process steps. In a specific embodi 
ment, molybdenum material is formed by depositing a first 
molybdenum layer overlying the transparent Substrate mem 
ber. The first molybdenum layer has a first thickness and a 
tensile characteristics in a specific embodiment. A second 
molybdenum layer having a compression characteristics and 
a second thickness is formed overlying the first molybdenum 
layer. In a specific embodiment, the first electrode layer com 
prising the molybdenum material can be further patterned as 
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shown. Further details of deposition and patterning of the 
molybdenum material can be found at least in U.S. Provision 
Application No. 61/101,646 filed Sep. 30, 2008 and U.S. 
Provision Application No. 61/101,650 filed Sep. 30, 2008, 
commonly assigned, and hereby incorporate by reference. Of 5 
course, there can be other variations, modifications, and alter 
natives. 
As shown in FIG. 4, the method includes forming an 

absorber layer 402 overlying a surface region of the first 
electrode layer. The absorber layer can be a thin film semi 
conductor material in a specific embodiment. In a specific 
embodiment, the thin film semiconductor material is a p-type 
semiconductor material provided by a copper indium disul 
fide material, or a copper indium gallium disulfide material, 
or a copper indium diselenide material, or a copper indium 
gallium diselenide material, any combination of these, or 
others, depending on the application. Typically, the p-type 
characteristics may be provided using dopants such as boron 
or aluminum species. The absorberlayer may be deposited by 
techniques such as sputtering, plating, evaporation including 
a sulfurization or selenization step. Further details of the 
formation of the absorber material may be found in Provi 
sional U.S. Patent Application No. 61/059.253, titled “High 
Efficiency Photovoltaic Cell and Manufacturing Method.” 
commonly assigned, and hereby incorporated by reference. 

In a specific embodiment, the method forms a window 
layer 502 overlying a surface region of the absorber layer to 
form a photovoltaic film stack to provide for a pnjunction for 
the photovoltaic cell. The window layer is often provided 
using a wide bandgap n-type semiconductor material for a 
p-type absorber layer in a specific embodiment. In a preferred 
embodiment, the window layer uses a cadmium sulfide mate 
rial for a photovoltaic cell using CIGS, CIS and related mate 
rials as absorber layer. The window layer can be deposited 
using techniques such as sputtering, vacuum evaporation, 
chemical bath deposition, among others. 

Referring to FIG. 6, the method includes providing a sub 
strate 602. The substrate includes a transparent substrate 
member having a first electrode layer overlying the transpar 
ent substrate member. A thin film absorber layer overlies the 
first electrode layer and a window layer overlies the thin film 
absorber layer. As show, the substrate is loaded into a cham 
ber 604. The chamber includes an internal volume 606. The 
chamber also includes pumping system 608 to provide a 
suitable vacuum level. As shown, the chamber includes one or 
more gas lines 610 and various auxiliaries to introduce one or 
more precursor species for forming a transparent conductive 
oxide material 614 overlying the window layer in a specific 
embodiment. The chamber includes one or more heating 
devices 612 to provide a suitable reaction temperature for the 
deposition of the transparent conductive material. In a pre 
ferred embodiment, the transparent conductive oxide 
includes a zinc oxide material. Of course there can be other 
variations, modifications, and alternatives. 

Referring again to FIG. 6, the method includes loading the 
substrate into the chamber. The chamber together with the 
Substrate is pumped down to a pressure ranging from about 
0.1 torr to about 0.02 torr in a specific embodiment. A mixture 
of reactant or precursor species is introduced into the cham 
ber using the one or more gas lines. In a specific embodiment, 
for the Zinc oxide material, the mixture of reactant species can 
include a diethyl Zinc material and a oxygen bearing species 
provided using a carrier gas. The oxygen bearing species can 
be water in a specific embodiment. The diethyl Zinc material 
may be provide as a semiconductor grade, or a catalyst grade 
depending on the embodiment. In a specific embodiment, the 
water to diethylzinc ratio is greater than about 1 to about 4. In 
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6 
another embodiment, the water to diethylzinc ratio is about 1. 
In a specific embodiment, the carrier gas can be inert gases 
Such as nitrogen, argon, helium, and the like. In certain 
embodiment, a boronbearing species derived from a diborane 
species may also be introduced at a selected flow rate together 
with the mixture of reactants to form a boron doped zinc oxide 
material. Other boron bearing species such as boron halides 
(for example, boron trichloride, boron trifluoride, boron tri 
bromide), or boronhydrohalides may also be used depending 
on the application. The diborane species is provided at a 
diborane to diethylzinc ratio of Zero percent to about five 
percent. In a specific embodiment, the diborane ratio to dieth 
ylzinc ratio is about one percent. Depending on the embodi 
ment, the chamber can be at a pressure of about 0.5 torr to 
about 1 torr during deposition of the Zinc oxide material. In a 
specific embodiment, the Substrate is maintain at a tempera 
ture ranging from about 130 Degree Celsius to about 190 
Degree Celsius for the deposition of the zinc oxide material. 
In an alternative embodiment, the Substrate is maintained at a 
temperature of about 200 Degree Celsius and may be higher. 
The boron bearing species reduce a resistivity characteristic 
of the zinc oxide material. Depending on a level of the boron 
bearing species in the Zinc oxide material, the Zinc oxide 
material can have a resistivity of about 2.5 milliohm-cm and 
less. Further, depending on the level of boronbearing species, 
the Zinc oxide material can have a grain size ranging from 
about 3000 Angstroms to about 5000 Angstroms to provide a 
transmission rate of 80 percent or greater and preferably 90 
percent and greater for electromagnetic radiation in a wave 
length range ranging from about 800 nanometers to about 
1200 nanometers. The Zinc oxide material can have a hazy 
appearance in a specific embodiment. Of course there can be 
other variations, modifications, and alternatives. 

While the present invention has been described using spe 
cific embodiments, it should be understood that various 
changes, modifications, and variations to the method utilized 
in the present invention may be effected without departing 
from the spirit and scope of the present invention as defined in 
the appended claims. For example, the Zinc oxide material is 
illustrated using boron as a dopant species. Other dopants 
Such as hydrogen, aluminum, indium, gallium, and the likes 
may also be used. Additionally, although the above has been 
generally described in terms of a specific structure for CIS 
and/or CIGS thin film cells, other specific CIS and/or CIGS 
configurations can also be used, such as those noted in U.S. 
Pat. No. 4,612,411 and U.S. Pat. No. 4,611,091, which are 
hereby incorporated by reference herein, without departing 
from the invention described by the claims herein. Addition 
ally, embodiments according to the present invention can be 
applied to other thin film configurations such as those pro 
vided by a metal oxide material, a metal sulfide material or a 
metal selenide material. One of ordinary skill in the art would 
recognize other variations, modifications, and alternatives. 

What is claimed is: 
1. A method for fabricating a thin film of zinc oxide for a 

photovoltaic device comprising: 
providing a substrate having an absorberlayer and an over 

lying window layer; 
loading the Substrate into a chamber; 
Subjecting the Substrate to a vacuum environment ranging 

from 0.1 Torr to about 0.02 Torr while maintaining it at 
a temperature of between about 130 degrees Celsius to 
about 190 degrees Celsius; 

introducing a mixture of reactant species derived from 
diethylzinc species, water species, and a carrier gas; 



US 8,168,463 B2 
7 

introducing a diborane species using a flow rate of less than 
five percent of the diethylzinc species into the mixture of 
reactant species; 

forming a Zinc oxide film overlying the window layer to 
define a transparent conductive Zinc oxide having a 
resistivity of less than about 2.5 milliohm-cm and an 
average grain size between about 3000 Angstroms and 
about 5000 Angstroms. 

2. The method of claim 1 wherein the diethylzinc species 
comprises dielethyl vapor. 

3. The method of claim 1 wherein the water species com 
prises water vapor. 

4. The method of claim 1 wherein the carrier gas comprises 
nitrogen gas or argon gas. 

5. The method of claim 1 wherein the water to diethylzinc 
ratio is than about 1 to about 4. 

6. The method of claim 1 wherein the water to diethylzinc 
ratio is about 1. 

7. The method of claim 1 wherein the diborane to dieth 
ylzinc ratio is one percent. 

8. The method of claim 1 wherein the substrate is main 
tained at a temperature greater than about 200 Degrees Cel 
S1S. 

9. The method of claim 1 wherein the Zinc oxide film is 
hazy. 

10. The method of claim 1 wherein the zinc oxide film has 
an optical transmission rate of 90 percent and greater. 

11. The method of claim 1 wherein the zinc oxide film has 
a transmission rate of 80 percent and greater for electromag 
netic radiation having a wavelength of about 800 nanometers 
to about 1200 nanometers. 

12. The method of claim 1 wherein the step of introducing 
a mixture of reactant species increases pressure of the cham 
ber to about 0.5 to 1 Torr. 

13. The method of claim 1 wherein the diethylzinc is semi 
conductor grade. 
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14. The method of claim 1 wherein the diethlyzinc is cata 

lyst grade. 
15. The method of claim 1 wherein the absorber layer 

comprises a CIGS material or a CIG material. 
16. The method of claim 1 wherein the window layer 

comprises a cadmium sulfide material. 
17. A method for forming a thin film photovoltaic device 

comprising: 
providing a Substrate having a surface region; 
forming a first electrode layer overlying the Surface region; 
forming an absorber material comprising a copper species, 

an indium species, and a selenide species overlying the 
first electrode layer; 

forming a window layer comprising a cadmium selenide 
species overlying the absorber material; 

Subjecting the Substrate to a vacuum environment ranging 
from 0.1 Torr to about 0.02 Torr; and 

forming a Zinc oxide layer characterized by grain size 
ranging from about 3000 Angstroms to about 5000 Ang 
stroms overlying the window layer using precursor 
gases including a Zinc species, an oxygen species, and a 
carrier gas including at least a nitrogen species at a 
temperature greater than about 200 degrees Celsius to 
form a transparent Zinc oxide layer having a resistivity of 
less than about 2.5 milliohm-cm. 

18. The method of claim 17 wherein the oxygen bearing 
species is derived from water vapor. 

19. The method of claim 17 wherein the zinc species is 
derived from diethyl zinc. 

20. The method of claim 17 wherein the nitrogen species is 
nitrogen gas. 

21. The method of claim 17 wherein the zinc oxide layer is 
characterized by an optical transmission rate of 99% and 
greater. 


